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Abstract 
The paper aims to analyse the energetic performances of Organic Rankine Cycles (ORCs) for biomass micro-scale CHP 
applications. Subcritical and transcritical cycles have been compared and the influence of internal regeneration on system 
behaviour has been evaluated. The investigation illustrates the noticeable influence of the operating conditions and ORC 
configuration on the main CHP performances.  Furthermore, results reveal that the proper choice of the organic working fluid is 
fundamental to assure proper operations and optimise the system behaviour.  
The analysis shows that the transcritical cycle with internal regeneration offers the maximum electric performances, whereas the 
saturated cycle in simple configuration guarantees the highest thermal efficiency. Furthermore, all the investigated systems 
guarantee positive energy saving capabilities. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Conference Program Chairs. 
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1. Introduction 
Nowadays, combined heat and power production (CHP) represents an effective alternative to traditional systems 
that are characterised by separate electric and thermal generation. Cogenerative systems, in fact, are able to increase  
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Nomenclature 
EUF energy utilisation factor  
h  specific enthalpy 
η efficiency 
P power 
PES primary energy saving index 
 biomass thermal power 
T temperature 
 
energy saving capabilities and reduce pollutant emissions, compared with traditional units1,2. Specifically, Organic 
Rankine Cycles (ORCs) appear an interesting option for sustainable and reliable energy supply in micro-scale CHP 
applications (Pel < 50 kWel), where conventional apparatus are also economically and technologically unfeasible1,3,4. 
ORC units offer several advantages owing to good partial load performances, fast start-up and stop procedures, low 
maintenance requirements, and high flexibility and safety5,6.  
The selection of the most appropriate configurations and operating conditions is fundamental for the optimisation 
of ORC performances7,8. It is noteworthy to notice that the attention of researchers community and manufacturers 
has been mainly focused on saturated ORC cycles in simple configuration. On the other hand, transcritical cycles 
and the adoption of internal regeneration appear of great relevance, owing to the possible increase in the system 
performances9,10. The selection of suitable working fluids is another fundamental key to maximise the system 
efficiency, especially in biomass applications, where the large part of organic fluids cannot be adopted due to the 
high operating temperatures and the consequent chemical instability. The present work aims at investigating the 
energetic performances of biomass-fired Organic Rankine Cycles for micro-scale combined heat and power 
applications. To this purpose, a comparative analysis of subcritical and supercritical cycles has been performed and 
different organic fluids have been adopted. 
2. Methodology 
The main components of an Organic Rankine Cycle are a pump system, an evaporator, a turbine/expander, and a 
condenser (Figure 1a). The organic working fluid is fed by the pump system to the evaporator (1-2 process), where 
the fluid is preheated (2-3) and then vaporised (3-4). The fluid flows into the turbine where it is expanded to the 
condensing pressure (5-6) and, finally, it is condensed to saturated liquid (6-1). An internal heat exchanger (IHE) can 
be used to recover the thermal energy at the turbine outlet (6-7) and preheat the compressed liquid before the 
evaporation process occurs  (2-9) in order to improve the system efficiency. Figure 1b shows the cycle in the T-s 
diagram for a typical dry organic fluid with saturated conditions at the turbine inlet. 
A thermodynamic model has been developed to evaluate the performances of biomass-fired Organic Rankine 
Cycles11-13. The model is integrated with the REFPROP database14 to define the thermodynamic properties of the 
organic fluid. A steady state condition has been assumed, while pressure drops and heat losses in the system 
components have been neglected. 
The performance parameters used in the analysis are the electric and thermal efficiencies, the energy utilisation 
factor, and the primary energy saving index. 
The electric efficiency is defined as 
                                                                                                                                                            
(1) 
where  is the thermal input of the biomass boiler and Pel is the ORC electric power, defined as follows: 
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a) b) 
Fig. 1. (a) Typical layout and (b) T-s diagram for an Organic Rankine Cycle with internal heat exchange. Saturated cycle. C: Condenser, Ec: 
Economyser, Ev: Evaporator, T: Turbine, G: Electrical generator, IHE: Internal heat exchanger. 
                                                                                                                                                          (2) 
where Pu is the net power output; 
 ηem takes into account the mechanical and electric losses. 
 
The thermal efficiency ηth and the energy utilisation factor EUF have been evaluated as follows15: 
                                                                                                                                                          
(3) 
                                                                                                                              
(4) 
where cogQ  is the thermal power from the condensation process used for cogeneration. 
Furthermore, the primary energy saving index PES is defined as16: 
                                                                                                                                   
(5)
 
where ηel, ref is the reference efficiency for the separate electrical power production in a conventional energy 
system; 
 ηth, ref is the reference efficiency of a conventional boiler that should be used to produce 
separately. 
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3. Operating Conditions 
For the CHP system cyclohexane, decane, and toluene have been selected as organic working fluid, due to their 
high operating temperatures, consistent with the requirements of biomass systems17,18. Both subcritical and 
transcritical cycles with saturated and superheated conditions at the expander inlet have been investigated. Table 1 
highlights the critical conditions of the three organic fluids and the operating conditions adopted during the energetic 
analysis. In particular, the condensation temperature has been set to 100 °C to satisfy the thermal demand5. The 
maximum evaporation temperature has been defined to avoid the presence of liquid during the expansion phase, 
while the minimum evaporation temperature has been set to 200 °C.  
Furthermore, for ORC transcritical cycles, the supercritical pressures have been set to 1.03 pcrit (the critical 
pressure), as suggested in literature19. 
 
Table 1. ORC operating conditions and investigated configurations. 
 Cyclohexane Decane Toluene 
Critical conditions    
Critical temperature [°C] 280.49 344.55 318.6 
Critical pressure [bar] 40.75 21.03 41.26 
Saturated cycle    
Condensation temperature [°C] 100 100 100 
Condensation pressure [bar] 1.75 0.10 0.74 
Evaporation temperature [°C] 200 - 269 200 - 337 200 - 300 
Evaporation pressure [bar] 13.44 - 35.30 1.87 - 18.96 7.51 - 32.76 
Transcritical cycle    
Condensation temperature [°C] 100 100 100 
Condensation pressure [bar] 1.75 0.10 0.74 
Maximum temperature [°C] 290 - 400 350 - 400 330 - 400 
Maximum pressure* [bar] 41.97 21.66 42.50 
*Supercritical pressure 
 
According to the literature, the ORC expander and pump efficiencies have been imposed equal to 0.70 and 0.60, 
respectively, the internal heat exchanger efficiency has been set to 0.95 and the global efficiency of the heating 
process (from biomass to the organic fluid) is 0.85, whereas the temperature of the vapour at the exit of the internal 
heat exchanger (T7) has been assumed to be 10 °C higher than the condensation temperature5.  
 
4. Results 
An energetic analysis of the performances of biomass-fired ORC systems for CHP applications has been carried 
out. Cyclohexane, decane, and toluene have been selected as working fluids due to their high operating temperatures, 
consistent with the requirements of biomass systems17,18. Specifically, the influence of the main operating conditions 
on the system behaviour has been investigated.  
Figure 2 compares the performances of saturated ORC cycles with and without internal regeneration in terms of 
electric efficiency (a), thermal efficiency (b), primary energy saving index (c), and energy utilisation factor (d). The 
condensation temperature has been fixed to 100 °C while the evaporation temperature is 200 °C. The plot illustrates 
the significant influence of the internal regeneration and working fluids on the ORC efficiencies.  
The higher electric performances are obtained adopting the CHP system with internal heat exchange (IHE) and 
toluene: the electric efficiency is equal to 12.4% (Figure 2a) and the PES index is 14.0% (Figure 2c). On the other 
hand, Figure 2b highlights that the configuration with the better electric behaviour offers the lower thermal 
performances (ηth = 68.5%) whereas the simple cycle with decane guarantees the higher thermal efficiency (70.9%).  
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a) b) 
  
c) d) 
Fig. 2. Influence of the working fluid and ORC configuration on the (a) electric efficiency, (b) thermal efficiency, (c) PES index, and (d) EUF 
value. Saturated cycle – Evaporation temperature Te = 200 °C. 
Furthermore, the analysis put in evidence that the energy utilisation factor maintains similar values (~80%) for all 
the investigated conditions (Figure 2d), with slightly higher values when the internal exchange is absent. 
The effect of the evaporation temperature on the performances of saturated ORCs is shown in Figure 3. The 
analysis has been done considering 250 °C and the maximum value Te,max, that depends on the selected fluid (269 °C 
for cyclohexane, 337 °C for decane, and 300 °C for toluene), according to Table 1. 
Results highlight a progressive increase in the electric efficiency and PES index with the evaporation temperature 
according to the literature20,21. At 250 °C the electric effectiveness of the simple cycle is 11.0% for decane, 12.0% 
for cyclohexane and 13.2% for toluene, whereas the efficiencies range between 12.1% (decane) to 14.6% (toluene) 
at the maximum evaporation temperatures, The corresponding saving capabilities are between 12.0% and 16.8%. It 
is interesting to observe that decane offers the lower electric performances nevertheless this fluid is characterised by 
higher evaporation temperature.  
A noticeable upsurge in the electric performances is obtained when the internal heat exchange is used and the effect 
is amplified with the evaporation temperature. In this condition, the largest efficiency (20.1%) and PES value 
(23.1%) are found with decane at 337 °C. The significant increase in system effectiveness is due to the possibility to 
exploit efficiently the higher fluid energy content at the expander exit.  
As already observed, the EUF index presents similar values for all the investigated configurations. Consequently, the 
higher the electric performances, the lower the thermal efficiency and vice versa. 
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a) b) 
  
c) d) 
Fig. 3 – Influence of the evaporation temperature and ORC configuration on the (a) electric efficiency, (b) thermal efficiency, (c) PES index, and 
(d) EUF value. Saturated cycle. 
Moreover, the effect of the transcritical conditions on the performances of the CHP system has been investigated. 
Results refer to the same condensation temperature (100 °C) adopted for saturated configurations while the 
maximum pressures have been set equal to p = 1.03 pcrit, as suggested in literature19. A twofold trend in the system 
behaviour is found depending on the presence of internal regenerator (Figure 4).  
When the IHE is absent, a progressive decrease in electric effectiveness and PES index with the maximum 
temperature is found. As an example, moving from 350 °C to 400 °C, the electric efficiency reduction ranges from 
2.4 (toluene) to 5.5 (decane) percentage points and the corresponding decrease in energy saving capability are 
between 2.1% and 4.9%. On the other hand, the increase in the maximum temperature produces a raise in the 
thermal power useful for cogeneration purpose and, as a consequence, in the thermal efficiency. Specifically, the 
maximum value is found with decane (72.3%) at 400 °C. A significant increase in the PES index and electric 
efficiency with the maximum temperature is observed when the internal heat exchange is adopted, due to the 
possibility to exploit efficiently the higher fluid energy content at the expander exit. The investigation reveals, in 
fact, that the better electric performances are offered by decane (ηel = 22.7% and PES = 27.7%) and similar values 
are obtained adopting toluene (ηel = 22.5%, PES = 27.5%) and cyclohexane (ηel = 21.5%, PES = 26.6%).  
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As already observed for the saturated configuration, the influence of the operating conditions and working fluids on 
the energy utilisation factor is negligible, with values that are always higher than 79.5%. It is noteworthy that the 
triangular shape of the supercritical cycle generates a more efficient heat exchange between the organic fluid and the 
thermal oil and a decrease in the irreversibility and energy destruction due to the heat transfer and losses.  
 
a) b) 
  
c) d) 
Fig. 4 – Influence of the maximum temperature and ORC configuration on the (a) electric efficiency, (b) thermal efficiency, (c) PES index, and 
(d), EUF value. Transcritical cycle. 
5. Conclusions 
The energetic performances of Organic Rankine Cycles for micro-scale CHP applications have been investigated. 
To this purpose, both subcritical and transcritical configurations have been considered, with saturated and 
superheated conditions at the expander inlet. Furthermore, the influence of the internal regeneration on the ORC 
performances has been analysed. 
The investigation highlighted that the operating conditions significantly affects the system behaviour. For saturated 
configurations, the electric efficiency and the primary energy saving (PES) index increase with the evaporation 
temperature, and this behaviour is amplified when the internal heat exchange is adopted. Conversely, the results put 
in evidence that the thermal power useful for cogeneration purposes and, as a consequence, the thermal efficiency 
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reduce with the evaporation temperature and the use of the internal regeneration. All the configurations offer similar 
EUF values (~80%), nevertheless the significant differences in the operating conditions and working fluids. 
A twofold behaviour in the system performances has been detected for transcritical arrangements. In particular, a 
negative impact of the maximum temperature on the electric efficiency and PES index is observed for the simple 
cycle, while the two dimensionless parameters exhibit a progressive raise with the presence of the internal heat 
exchange. The opposite trend is found for the thermal efficiency, whereas the energy utilisation factor maintains 
similar values for all the investigated configurations. 
The comparison between the different micro-ORC configurations reveals that the highest electric efficiencies 
and primary energy saving indexes are obtained with the transcritical cycles. Specifically the investigation suggests 
the adoption of decane (ηel = 22.7% and PES = 25.8%) or toluene (ηel = 22.5% and PES = 25.6%). When the 
purpose is to maximise the thermal performances of the CHP units, the saturated cycles in simple configuration have 
to be preferred adopting the lower evaporation temperature. In these conditions similar results are obtained for the 
three fluids (ηth = 70.1%, 70.9, and 69.4 for cyclohexane, decane, and toluene, respectively). 
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